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The Pacific-Japan (PJ) pattern features a meridional dipole pattern of atmospheric 
circulation between the tropical and midlatitude Northwest Pacific. Using observations and 
large-ensemble atmospheric simulations, this thesis shows that the PJ pattern has experienced 
distinct changes in its property and forcing mechanism from the period 1976-1988 to 1991-2010, 
with the source of forcing shifting from the tropical Indian Ocean to the tropical western-central 
Pacific Ocean. These changes are tied to changes in the characteristics of El Niño-Southern 
Oscillation (ENSO), i.e., shifting from a combination of various types of ENSO to dominance of 
central-Pacific ENSO, leading to reduced and increased sea surface temperature variance 
respectively in the abovementioned two regions. Further analysis suggests that the PJ pattern of 
1976-1988 in observations may reflect a choice of nature out of two options. Lastly, the thesis 
shows that different types of the PJ pattern affect Northwest Pacific tropical cyclones differently, 
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The Pacific-Japan (PJ) pattern, also known as the East Asia-Pacific pattern, is an 
intraseasonal to interannual teleconnection affecting the summertime climate anomalies over the 
Northwest Pacific (NWP) and East Asia (Nitta 1986; Nitta 1987; Huang and Sun 1992; Kosaka 
and Nakamura 2006). Nitta (1986) first defined it as a meridional dipole pattern of cloud 
anomalies between the northern tropics and the middle latitudes extending from East China to 
the dateline. Recently, the PJ pattern is always represented by anomalous 850-hPa relative 
vorticities (Kosaka and Nakamura 2010; Chen and Zhou 2014; Gong et al. 2018). During the 
positive phase, the two lobes of the PJ pattern are characterized by anomalous anticyclone 
(AAC) in the tropical NWP and anomalous cyclone (AC) in the middle latitudes (Kosaka and 
Nakamura 2010; Chen and Zhou 2014; Gong et al. 2018), which indicate suppressed convection 
over the South China Sea (SCS) and the Philippine Sea associated with enhanced convection 
around Japan. During the negative phase, the lower-tropospheric anomalous circulation and 
convection show opposite features. 
The PJ pattern can be forced by remote sea surface temperature anomalies (SSTAs) 
instead of local SSTAs. Lower-tropospheric anomalous circulation over the NWP, which is 
closely related to the PJ pattern, can be largely forced by remote SSTAs (Wang et al. 2001; Lu et 
al. 2006; Xie et al. 2009; Park et al. 2010). The PJ pattern is significantly correlated with the El 
Niño-Southern Oscillation (ENSO) index in the preceding winter (Wang et al. 2003; Kubota et 
al. 2016; Gong et al. 2018) and relates to the ENSO effects on East Asian summer monsoons in 
ENSO decay years (Huang et al. 2004). ENSO teleconnections to the PJ pattern show 
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interdecadal variability, with significant correlations at the beginning of the 20th century, about 
the 1930s, and since the 1970s (Kubota et al. 2016). In addition, models forced by realistic 
tropical sea surface temperature (SST) can capture the majority of the PJ variability (Ding et al. 
2014; Chen and Zhou 2014; Gong et al. 2018). The SSTAs in the tropical Indian Ocean (IO) 
mainly force the PJ pattern during the period 1981-1993 via Indo-western Pacific ocean 
capacitor (IPOC) (Xie et al. 2009; Chen and Zhou 2014), and the SSTAs from the maritime 
continent (MC) and central Pacific (CP) are the major contributors to the PJ pattern from 1994 to 
2006 (Chen and Zhou 2014). The decadal change of the PJ pattern could relate to the decadal 
variability of ENSO (Kwon et al. 2005; Yim et al. 2008a, 2008b), which is modulated by the 
Pacific Decadal Oscillation (PDO) (Yoon and Yeh 2010). 
However, the PJ pattern is not completely forced by SSTAs. Similar to the Pacific-North 
American (PNA) teleconnection pattern, the PJ pattern is a Rossby wave train riding on the zonal 
mean flow, whose excitation needs energy from the zonally varying background flow (Simmons 
et al. 1983; Xie et al. 2016), especially in the middle latitudes. The PJ pattern is an internal mode 
of the atmosphere, maintained by tropical convective variability and the background state via 
barotropic and baroclinic energy conversion (Kosaka and Nakamura 2010; Hirota and Takahashi 
2012). 
As an important tropical-extratropical teleconnection in the NWP during the summer, the 
PJ pattern also has influences on the tropical cyclone (TC) activities, which are among the most 
destructive disasters around the world. The TC activities can be better understood and predicted 
by investigating the relationship between the PJ pattern and TCs. During the positive PJ phase, 
the strong vertical wind shear centering in Japan, the wind field at 850 hPa over the NWP, and 
the AAC above the SCS and the Philippine Sea could dampen the formation and development of 
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TCs, which will lead to decreased landfalls on East China, Japan and Korean Peninsula (Choi et 
al. 2010; Kim et al 2012). 
Climate models are effective tools to research the mechanisms of climate variabilities and 
their influences on TC activities. Most climate models can capture the PJ pattern, while the 
intermodel spread is large (Kosaka and Nakamura 2011; Chen and Zhou 2014; Gong et al. 
2018). Gong et al. (2018) employ 36 phase 5 of the Coupled Model Intercomparison Project 
(CMIP5) coupled general circulation models (CGCMs) to study the model reproducibility of the 
PJ pattern and possible origins of model diversity. However, the reproducibility of the PJ pattern 
using a large-ensemble model and the diversity between different members hasn’t been well 
understood. This study uses a 100-member large-ensemble model to address these questions: 
How well does the large-ensemble model reproduce the observed PJ pattern? Where does the 
diversity of different members come from? Does the PJ pattern show decadal variability as 
described in Chen and Zhou (2014)? Are the SST-forcing mechanisms the same? How does the 
PJ pattern affect TC activities in the NWP? This study will focus on the contribution of SST 
forcing to the PJ pattern, which is closely related to ENSO and IO SSTAs affected by ENSO. Fig 
1c demonstrates the 11-year running correlation coefficients between the PJ index and area-
averaged SSTAs in different regions, which shows the correlations between the PJ pattern and 
SST forcings are not significant until the early 1970s. Besides, the teleconnections between 
ENSO and the PJ pattern are significant since the 1970s (Kubota et al. 2016). Therefore, our 
study focuses on the period from 1970. The rest of the paper is organized as follows. Section 2 
describes the data and methods. Section 3 demonstrates the reproducibility of the PJ pattern and 
TC activities in the d4PDF model. Section 4 compares the differences in the PJ pattern and 
related TC activities before and after 1990. Summary and discussion are presented in section 5. 
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Data and methods 
Data 
In this study, the reanalysis data of SST, winds at 850 hPa and 500 hPa, sea level pressure 
(SLP), and pressure vertical velocity are obtained from the monthly mean data of the European 
Centre for Medium-Range Weather Forecasts (ECMWF) twentieth-century reanalysis (ERA-
20C) dataset, which covers from 1900 to 2010 with a 1°×1° horizontal resolution (Poli et al. 
2016). The observed TC track data are from the Best Track Archive of the Joint Typhoon 
Warning Center (JTWC), which includes the locations and maximum sustained wind speeds of 
TCs at intervals of every 6 hours since 1945. 
The large-ensemble atmospheric simulation data and SST simulations we use are from 
the Database for Policy Decision Making for Future Climate Change (d4PDF; Mizuta et al. 
2017), which incorporates simulations by the Meteorological Research Institute Atmospheric 
General Circulation Models, version 3.2 (MRI-AGCM3.2; Mizuta et al., 2012). The 64-vertical-
level MRI-AGCM3.2 features the horizontal grid spacing of 60 km, which is fine enough to 
capture TCs and East Asia monsoons. The 100-member historical climate simulations, which 
span the period 1951 to 2010, are used to investigate the PJ pattern and its influences on TCs in 
this study. The historical climate simulations are forced by SST, sea ice concentration, and sea 
ice thickness. In this experiment, the global-mean concentrations of greenhouse gases are set to 
be the observational values, the three-dimensional distributions of ozone are from the MRI 
Chemistry-Climate Model (MRI-CCM; Deushi and Shibata 2011), and aerosols are from the 
MRI Coupled Atmosphere-Ocean General Circulation Model, version 3 (MRI-CGCM3; 
Yukimoto et al. 2012). The 100 member runs are conducted with different initial conditions and 
small perturbations of SSTs, which lead the simulations of individual members to deviate from 
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the ensemble mean. The deviation represents the internal variability of the model and the 
uncertainty from it is important for weather and climate extremes (Harzallah and Sadourny 1995; 
Deser et al. 2012; Xie et al. 2015). Conducting large-ensemble simulations is beneficial to assess 
the influences of internal variability on the climate system by reducing the impact of model 
errors (Kay et al. 2015). The ensemble mean is necessary to analyze the atmospheric responses 
to external forcing like SST (Harzallah and Sadourny 1995; Li 1999). More details about 
experimental design are described in Mizuta et al. (2017). 
TC tracking algorithm 
The tracking algorithm used in this study is modified from the methodology described in 
Mei et al. (2014). We use 6-hour data including winds at 850 hPa, SLP, and temperature 
averaged between 300 hPa and 500 hPa from 1951 to 2010 to detect and track TCs.  
Firstly, we detect potential storms according to the criteria listed below: 
1) The 850-hPa relative vorticity maxima in areas of 2.0°×2.0° latitude and longitude 
must exceed 4.5×10-5s-1. 
2) The local SLP minimum must be within a distance of 2.0° latitude or longitude from 
the 850-hPa relative vorticity maximum and be at least 1.2 hPa lower than the environment. The 
SLP minimum is defined as the center of the storm. 
3) The local maximum of 300–500-hPa averaged temperature is defined as the center of 
the warm core. Its distance from the storm center must be within 6° latitude or longitude, and its 
temperature must be at least 0.08 °C warmer than the environment. 
Then we conduct trajectory analysis to connect potential storm points to form TC tracks. 
The qualified tracks in the NWP must satisfy the following conditions: 
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1) The distance between two points in two consecutive snapshots (with a time interval of 
6 hours) must be shorter than 585 km. 
2) The track must last longer than 2 days. 
3) The genesis wind speed must be less than 15 mꞏs-1. 
4) The maximum surface wind speed should exceed 10 mꞏs-1 during the life cycle of the 
TC and it couldn’t be reached within 18 hours of the TC generation. 
5) The maximum wind speed at 850 hPa must be greater than that at 300 hPa. 
6) If the TC forms over the sea, more than 40% of the TC lifespan must be over the sea. 
If the TC generates on the land, more than 70% of the TC lifespan must be over the sea. 
Analysis methods 
Annual TC track density is calculated as the accumulated duration of TC tracks within 
each 5°×5° grid over the area of 0°–60°N, 100°–200°E from June to August (JJA) each year. To 
represent the PJ pattern, the dominant modes of the anomalous 850-hPa relative vorticity field 
over the domain of 0°–60°N, 100°–160°E during JJA are extracted by empirical orthogonal 
function (EOF) analysis (Kosaka and Nakamura 2010). The first mode (EOF1) is considered as 
the PJ pattern, and the corresponding principal component (PC1) is defined as the PJ index. 
Since the data distribution is denser poleward, the 850-hPa relative vorticity data are weighted by 
the cosine of their corresponding latitudes before EOF analysis. Linear correlation and regression 
are applied to investigate the SST forcing that is responsible for the PJ pattern and the influences 
of the PJ pattern on NWP TC activities. Since we mainly focus on the interannual variability, all 




The reproducibility in d4PDF model 
The reproducibility of the PJ pattern 
Here, we use the first leading EOF mode of 850-hPa relative vorticity to represent the PJ 
pattern, following previous studies (e.g., Kosaka and Nakamura 2010). Fig 2a shows the spatial 
structure of the positive PJ pattern in the ERA-20C dataset (referred to as observations 
hereafter), which explains 16.62% of the total variance in the vorticity EOF domain (0°–60°N, 
100°–160°E). This pattern features a meridional wave train pattern zonally elongating from East 
Asia to the Pacific Ocean, with its tropical and midlatitude lobes characterized respectively by an 
AAC and AC in the lower troposphere. 
The 100-member ensemble mean simulations derived from the d4PDF model well 
capture the covariation of the two lobes, the character of the spatial pattern, with a pattern 
correlation coefficient of 0.73 in the vorticity EOF domain (Fig 2b). The EOF1 of the simulated 
850-hPa vorticity explains 46.74% of the total variance, resulting from the dominant forced 
variability in the ensemble mean simulations. The magnitudes of the two lobes of the simulated 
PJ pattern, however, are weaker than those of the observations, especially for the midlatitude 
lobe around Japan. This bias can be explained by the model errors and the ensemble mean 
analysis method. The structures at midlatitudes that are far from the tropical ocean heat source 
are affected by limited SST-forcing but can be influenced by the chaotic atmospheric processes, 
such as the Silk Road pattern, the Eurasian pattern and the nonlinear wave-mean flow interaction 
(Nakamura and Fukamachi 2004; Hirota and Takahashi 2012; Gong et al. 2017). The ensemble 
mean simulations are beneficial to the extraction of the SST-forced signal at the cost of retaining 
the internal variability. The amplitudes of individual members are more comparable to those of 
the observations (figures not shown), and the ensemble mean reduces the signal via averaging 
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these members. The atmospheric processes may not be well reproduced by the model, and the 
ensemble mean also moderates the effects of internal variability. Thus, the simulated amplitudes 
at midlatitudes are less than the observations. 
The PJ index is defined as the PC1, and the 100-member ensemble mean well reproduces 
the observational PC1. The correlation coefficient between these two PCs is 0.62 during the 
period 1970-2010, which is statistically significant at the 1% level (Fig 2c). 
The reproducibility of the simultaneous SSTA pattern related to the PJ pattern 
The ensemble mean simulations can well reproduce the spatial structure of the PJ pattern 
in observations, indicating that the SST-forced variability plays an important role in the PJ 
pattern. Therefore, we compare the reproducibility of the simultaneous SSTA pattern associated 
with the PJ pattern (Figs 2d and 2e). The SSTAs regressed onto the corresponding PJ index are 
considered as the PJ-related SSTAs. In the observations, the tropical IO and MC feature 
significant warm SSTAs, and the CP is characterized by significant cold SSTAs, indicating the 
possible regions of SST-forcing of the PJ pattern (Chen and Zhou 2014). In the 100-member 
ensemble mean simulations, the significant warm SSTAs in the tropical IO are missing, and the 
areas with significant cold SSTAs in the Pacific are much larger than those in the observations. It 
denotes that the ENSO effects on the PJ pattern in the model are stronger than the observations, 
while the effects of tropical IO may be weaker in the d4PDF simulations. A similar conclusion 
can be drawn using CMIP5 models (Gong et al. 2018). However, the tropical IO effects can be 
significant using AMIP simulations if the study period is divided into two parts according to the 
periodicity change of the PJ pattern (Chen and Zhou 2014). Thus, the sources of SST forcing 
may change during the study period. In this study, we will analyze the relationship between 
SSTAs and the PJ pattern in different periods instead of the period 1970-2010. 
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The reproducibility of TC activities 
Figs 3a and 3b show the distribution of TC genesis locations and tracks during 1970-2010 
over the NWP in observations and one-member simulations. The d4PDF simulations can 
basically reproduce the distribution of the TC genesis locations in the observations, except for 
too many TCs generating in the SCS and around the equator. The simulated TC tracks capture 
the major characters of TC tracks in observations, including the tracks moving westward to the 
SCS and the tracks curving northwestward to Japan and Korea (Fig 3b). Comparing with the 
observational tracks, the simulated ones are much longer. 
The climatological TC genesis frequency and track density are calculated for 
observations and 100-member ensemble mean simulations (Figs 3c and 3d). The TC genesis 
frequency climatology is defined as the mean value of counts of TCs originated within each 
5°×5° grid over the NWP during 1970-2010. Similar to the genesis frequency, the track density 
is calculated by the duration of TC tracks in each 5°×5° grid. According to the distribution of 
observed genesis frequency, most of the TCs generate between 5°N and 25°N, with two high-
frequency centers locating in the SCS and the Philippine Sea respectively, which are well 
reproduced by the simulations. The distribution of simulated track density is also analogous to 
the observed one, except for the eastward extension around 20°N. The high track density area is 
over 10°-30°N, 110°-140°E, indicating the high exposure risk to the TCs, and the distribution 
denotes the westward and northwestward moving tracks. 
Fig 3e illustrates the variability of TC counts over the NWP in observations and 100-
member ensemble mean from 1970 to 2010. The interannual and decadal variability of the TC 
counts in the NWP is well simulated in the d4PDF model, with a correlation coefficient of 0.56 
which is significant at the 1% level. Most of the extreme TC count values can be captured by 
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individual members, which deviate from the ensemble mean. The climatological TC count in the 
100-member ensemble mean (26.29) is comparable to that in observations (26.05). 
The shift of the PJ pattern 
The interannual variability of the PJ pattern experiences a shift from a tropical IO SSTA 
forced pattern to a tropical Pacific SSTA forced pattern around the early 1990s (Chen and Zhou 
2014). To identify the periods dominated by SSTAs in the tropical IO and tropical Pacific 
respectively, 11-year running correlation coefficients are calculated between SSTAs and the PJ 
index (Fig 1). The PJ index is calculated by conducting the running EOF analysis. The tropical 
IO SSTAs are the average SSTAs over the region 0°–20°N, 50°–100°E and the Pacific effects 
are represented by the area-averaged SSTAs in the MC, Niño 4 and Niño 3.4 regions together. 
The running correlation coefficients between the PJ index and SSTAs exhibit an obvious shift 
around 1990 in both observations and the 100-member ensemble mean (Figs 1a and 1b). To 
better define the two periods before and after the shift, the correlation coefficients in 
observations and model simulations are averaged and shown in Fig 1c. It becomes evident that 
the PJ index is significantly correlated with the tropical IO SSTAs during 1976-1988, while it is 
significantly correlated with the Pacific SSTAs during 1991-2010. Accordingly, we will study 
the PJ pattern separately over these two periods.  
The reproducibility of the PJ pattern can vary significantly among different members in 
the simulations during these two periods. To illustrate the differences, members can be divided 
into different groups based on their performance of replicating the PJ pattern, and the ensemble 
means of the members in different groups can indicate the diversity of the modeled PJ pattern. 20 
members are selected as the high skill group (HSG) according to the highest correlation 
coefficients of PC1s between simulations and observations in each period. Similarly, the 20 
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members in the low skill group (LSG) have the lowest correlation coefficients. The HSG can be 
beneficial to understand the mechanisms of the SST-forcing, and the LSG can give indications of 
model bias for model improvement. 
Next, we estimate how many ensemble members are needed to capture the observed 
variability in the PJ pattern by using the bootstrap method and analyzing a large number of 
combinations of ensemble members based on the entire 100 members. Fig 4 shows the 
distribution of the correlation coefficients between the PCs in the observations and the ensemble 
mean as a function of ensemble size as a box-and-whisker plot.  As the ensemble size increases, 
the correlation coefficient increases and the range narrows. In general, the correlation coefficient 
is significantly higher during the second period than in the first period for all ensemble sizes, 
suggesting that the ensemble members have very different performance in the first period while 
the members show similar behaviors during the second period. For the first period, the rate of 
increase of correlation coefficients decreases with the ensemble size, and the correlation 
coefficient becomes stable when the ensemble size exceeds 20, indicating that an ensemble of 20 
members should be sufficient to reproduce a significant portion of the observed variability in the 
PJ pattern. In contrast, 5 members are sufficient to capture the observed variability during the 
second period.   
Period 1 (1976-1988) 
Fig 5a shows the spatial structure of the observed PJ pattern in its positive phase during 
the first period, and the PJ index is shown in Fig 5b. The magnitude of each lobe is larger than 
that during the period 1970-2010. In the 100-member ensemble mean simulations, the spatial 
structure of the PJ pattern is well simulated, with a pattern correlation coefficient of 0.62 (Fig 
5c), and the simulated PJ index is also correlated with the observed one at the significance level 
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of 5% (Fig 5d). In the HSG simulations, the spatial pattern is better captured than the 100-
member ensemble mean simulations, with a pattern correlation coefficient of 0.70; note that the 
break in the tropical lobe over the Philippines is much weaker in the HSG spatial pattern (Fig 
5e). The correlation coefficient between the PJ indices is higher (0.78) and significant at the 1% 
level (Fig 5f). In the LSG, although the two lobes can be identified according to the spatial 
pattern, they are much weaker than those in other groups and the shape is more chaotic (Fig 5g). 
Besides, the correlation of the PJ indices between the LSG and observations is negative (-0.42) 
and insignificant (Fig 5h). The HSG well replicates the spatial pattern of regressed SSTAs and 
large-scale circulation anomalies in observations, therefore the SSTA evolution and large-scale 
circulation pattern in observations and 100-member ensemble mean simulations are not shown. 
The LSG, however, shows different patterns from the HSG (Figs 6 and 7), and the regressed JJA 
SSTAs over the tropical IO in the LSG are not significantly correlated with the corresponding PJ 
index (Fig 6f). During the first period, the performance of different members varies largely, and 
it could result from various ENSO effects on different members. 
During this period, the PJ index is significantly correlated with the warm JJA SSTAs in 
the tropical IO (Fig 6c), which will force the PJ pattern via IPOC (Xie et al. 2009). The IO is 
considered as a capacitor because it can memorize the influences of the El Niño event in the 
preceding winter, shown as the warm SSTAs in the IO (Figs 6a-6c). The anomalous warm IO 
will enhance the local convection and induce a Kelvin wave (Xie et al. 2009). The anomalous 
negative pressure vertical velocity at 500 hPa in the IO represents the strong convective 
activities, and the Kelvin wave response is denoted by the anomalous easterlies at 850 hPa near 
the equator (Fig 7a). The warm equatorial Kelvin wave is associated with convergence on the 
equator and divergence off the equator at the surface, thus suppressing the convective activities 
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in the tropical NWP, as evidenced by the anomalous positive 500-hPa pressure velocity over the 
SCS and east of the Philippines (Fig 7a). The suppressed convection and low-level divergence 
are verified by the wind field at 850 hPa, with an AAC in the tropical area (Fig 7a), which is the 
south lobe of the PJ pattern. Thus, the Rossby wave train is excited. Figs 6a-6c demonstrate the 
global SSTA evolution in the HSG during the first period, which resembles a decaying El Niño 
event prominent in the Eastern Pacific (EP). The PJ pattern during the first period is basically 
associated with a decaying EP ENSO. 
EOF analysis is also applied to JJA SSTAs over tropical IO and Pacific to investigate the 
interannual variability of tropical SSTAs during the concurrent summer (Fig 8). The linear 
combination of the first two modes can explain about 65% of the total SSTA variance in the first 
period, which strongly resembles an EP El Niño in the Pacific and features warm SSTAs in the 
IO (Fig 8e). The spatial pattern is highly analogous to the pattern of regressed SSTAs on the PJ 
index in tropical regions (Figs 6c and 8e), which mainly results from the EOF1 of the tropical 
SSTAs (Fig 8a). EOF1 shows a stronger EP El Niño pattern and higher variability in the IO, 
which is partly offset by the EOF2, a typical Central-Pacific (CP) La Niña pattern (Fig 8c). The 
first two modes represent the major SSTA variability patterns over the tropical IO and Pacific in 
the summer, EP ENSO and CP ENSO. During the first period, the EP ENSO can explain about 
50% of the SSTA forcing of the PJ pattern due to a higher coefficient of determination (Figs 8b 
and 8d). However, in the LSG simulations, the coefficients of determination are comparable 
between the first two modes (Figs 9b and 9d), which denotes the deviation of the LSG may be 
associated with the important role of the CP ENSO in the first period. The linear combination of 
the first two EOF modes, whose coefficients are calculated by the regression of the PJ index on 
PC1 and PC2, shows some features similar to CP ENSO (Fig 9e). The global SSTA evolution 
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from the preceding winter also bears a resemblance to a developing CP La Niña in the LSG (Figs 
6d-6f), illustrating the essential influences of the CP ENSO on the PJ pattern. 
The PJ pattern plays an essential role in modulating the TC activities over the NWP. The 
100-member ensemble mean simulations basically reproduce the spatial pattern of TC genesis 
frequency and track density, and there exist narrow discrepancies between different members in 
the simulations by comparing the HSG and LSG (figures not shown). Thus, the different effects 
on TC activities among 100 members are due to the reproducibility of the PJ pattern in the 
model. By regressing the TC genesis frequency anomalies and track density anomalies on the PJ 
index, we can investigate the influences of the PJ pattern on TC activities (Figs 15 and 16). 
During the positive phase of the PJ pattern, more TCs generate in the tropical ocean south of 
10°N, while fewer originated in the region north of 10°N (Fig 15a). The anomalous downward 
motion between 10°N and 20°N, which indicates weaker convection, can contribute to 
suppressed TC generation in this area, while the enhanced convection represented by the 
anomalous upward motion south of 10°N is favorable for TC genesis (Fig 15a). As for the track 
density, more tracks tend to move westward to land in Southeast Asia during the positive phase 
of the PJ pattern, and fewer are curving northwestward to Japan and Korea. The AAC over the 
tropical NWP can hinder the northwestward motion of TCs, and the winds at 500 hPa act as 
steering flow to direct TCs to Southeast Asia (Fig 16a). When it is the negative phase of the PJ 
pattern, more TCs will generate in the north part of the tropical NWP. The landfalls will increase 
in Japan and Korea while decrease in Southeast Asia (Figs 15b and 16b). The distribution of TC 
genesis frequency and track density related to the positive PJ pattern is more evident and 
significant in the HSG, while it shows a dissimilar pattern in the LSG (Figs 15c-d and 16c-d). 
The track density distribution and the large-scale circulation pattern in the LSG resemble those 
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during the second period, indicating the possible strong CP ENSO influences on low skilled 
members (Figs 16d and 16h). 
Period 2 (1991-2010) 
The spatial pattern of the observed positive PJ pattern during the second period is shown 
in Fig 10a. In comparison with the spatial pattern during the first period, the lobes in the second 
period are more comparable with those during 1970-2010, because this pattern dominates in the 
study period. The spatial structure of the PJ pattern is well simulated in the 100-member 
ensemble mean simulations, with a pattern correlation coefficient of 0.76 (Fig 10c), and the 
simulated PJ index is highly correlated with the observed one (correlation coefficient 0.86) at the 
significance level of 1% (Fig 10d). The performance of HSG is better, with a correlation 
coefficient of 0.92 between observed and simulated PCs. Unlike the first period, the LSG shows 
similarity to the HSG, with comparable spatial patterns and time series (Figs 10e-10h). The 
similarity is also apparent in the regressed SSTA evolution and large-scale circulation anomalies 
(Figs 11 and 12). The analogies between HSG and LSG demonstrate that the model can well 
simulate the PJ pattern forced by Pacific SSTAs, with few disparities between different 
members. This could result from the significant responses of the model to the Pacific SSTAs. 
The dipole pattern along the equator with significant warm SSTAs in the MC and cold 
SSTAs in the CP (Fig 11c) will force the PJ pattern by a triangular pattern (Chen and Zhou 
2014). Responding to the SSTAs, enhanced convection is observed in the MC and suppression is 
found in the CP (Fig 12a). The two anomalous convective centers are connected by the Walker 
circulation. As a response to the MC convection, the Kelvin wave can be identified by the 
anomalous easterlies on the equator. Corresponding to the convective center east to the IO in the 
first period, the easterlies also extend eastward. The suppressed convection in the CP can induce 
16 
 
a descending Rossby wave over the NWP, leading to local negative low-level vorticity 
anomalies, which can be considered as the tropical lobe of the PJ pattern during the second 
period. The vorticity anomalies are verified by the AAC shown in the 850-hPa wind field (Fig 
12a), with suppressed convection at the southern flank of the AAC. The suppression over the 
SCS and the Philippine Sea is also related to the convection in the MC by local Hadley 
circulation. These three centers are connected by Walker circulation, Rossby wave, and local 
Hadley circulation and can reinforce each other, as the forcing mechanism of the PJ pattern 
during the second period. This mechanism is dominant when a CP ENSO event is developing 
(Figs 11a-11c). 
The linear combination of the first two EOF modes of the JJA SSTAs can explain about 
58% of the total SSTA variance in the second period, shown as CP La Niña and warm SSTAs in 
the MC (referred to as western-central Pacific pattern hereafter; Fig 13e), which bears a striking 
similarity to the regressed SSTA pattern in tropical areas in Fig 11c. The EOF1 resembles the EP 
La Niña, which explains around 40% of the total SSTA variance, while the EOF2 is more 
analogous to the CP La Niña, whose explained variance is about 20% (Figs 13a and 13c). 
Western-central Pacific (WCP) pattern is more essential to the PJ pattern after 1991 since the 
coefficient of determination of EOF2 is greater than that of EOF1 (Figs 13b and 13d), which 
means the WCP pattern contributes more to the PJ pattern during the second period. Comparing 
with the first period, the WCP pattern leads to a larger SSTA variance in the CP after 1991 in 
both observations and simulations (Fig 14). The interannual variation in JJA SSTA over the 
tropical IO and Pacific during the two periods can be represented by the standard deviation of the 
SSTAs. Fig 14c exhibits the distribution of the difference in the standard deviation between two 
periods (the second period minus the first period) in observations, which illustrates higher 
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variability in the CP during the second period and stronger variation in the EP and IO during the 
first period. The same conclusion can be drawn based on the simulations of the 100-member 
ensemble mean (Fig 14f). 
Similar to the first period, the simulations also reproduce the major high-frequency areas 
of TC genesis frequency and track density during the second period (figures not shown). The 
regression of TC genesis frequency anomalies on the PJ index illustrates that fewer TCs generate 
in the NWP during the positive phase of the PJ pattern in this period (Fig 15e). The anomalous 
downward motion over the high genesis frequency area, a representation of suppressed 
convection, is the major contributor to suppressed TC generation in this area (Fig 15e). The track 
density decreases over the NWP, resulting from the decreased TC counts in the positive PJ years 
and the AAC over the NWP (Fig 16e). During the negative PJ phase, however, the anomalous 
upward motion and AC in the tropical areas are favorable for TC generation and landing, which 
will enhance the TC activities in the NWP (Figs 15f and 16f). The distribution of TC genesis 
frequency and track density is more obvious in the simulations, featuring the reduced genesis 
frequency and track density all over the NWP in the positive PJ years (Figs 15g-h and 16g-h) and 
opposite features in the negative PJ years (figures not shown). 
Summary and discussion 
The observed and d4PDF simulated data are used to investigate the SST-forcing 
mechanisms of the PJ pattern and the NWP TC activities affected by the teleconnection during 
the period 1970-2010. As the dominant mode of the climate variability over the NWP in the 
summertime, the PJ pattern is extracted by the first mode of the EOF analysis on the 850-hPa 
relative vorticity over East Asia and the NWP during JJA. The reproducibility of the PJ pattern 
and TC activities is high enough in the d4PDF model to support our analysis. During the study 
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period, the interannual variability of the PJ pattern experiences a shift from an IO SSTA forced 
pattern to a Pacific SSTA forced pattern around 1990, which is captured in both observations and 
simulations. To better investigate the differences between these two forced PJ patterns, we 
divided the study period into two parts, which are 1976-1988 (the first period) and 1991-2010 
(the second period). 
During the first period, the PJ pattern is mainly forced by the IO SSTAs remotely via 
IPOC. The IO SSTAs in the summer persist since the preceding winter when an El Niño event 
occurs and act as a capacitor to anchor the AAC in the tropical NWP. The warm IO SSTAs 
enhance the local convection and inspire a Kelvin wave at lower troposphere along the equator, 
and the associated surface divergence in the NWP tropical area suppresses the convection there 
then excites the PJ pattern as a Rossby wave train. The forcing mechanism of the PJ pattern is 
usually related to decaying EP ENSO. The TCs tend to generate in the south part of the NWP 
and make landfalls in Southeast Asia, accompanied by fewer landfalls in Japan and Korea during 
the positive phase of the PJ pattern. This can be explained by the suppressed convection in the 
tropical areas and the winds at 500 hPa as steering flow. During negative PJ years, the TC 
activities show the opposite pattern. This mechanism is supported by the observational data and 
the HSG in the simulations, but large disparities are found between the HSG and LSG 
simulations, which can result from the different responses to the Pacific SSTAs among different 
members. 
During the second period, the remote SST-forcing of the PJ pattern is from the MC and 
CP. The dipole SSTA pattern along the equator induces a triangular pattern of atmospheric 
circulation. The anomalous suppression in the tropical NWP is reinforced and the PJ pattern is 
stimulated due to the Walker circulation between the MC and CP, Rossby wave excited by the 
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suppressed convection in the CP, and the local Hadley circulation between the MC and NWP. 
The forced PJ pattern can be associated with developing CP ENSO events. Fewer TCs generate 
in the NWP during the positive phase of the PJ pattern in this period, attributing to the 
anomalous suppression over the high TC genesis frequency area in the NWP. Responding to the 
lower genesis frequency, the TC track density over the entire NWP also reduces in the positive 
PJ years. The TC activities are enhanced during the negative phase of the PJ pattern. The 
observations and simulations demonstrate analogous patterns during this period, and the 
discrepancies are also small among different members. It might be due to the major SST-forcing 
in this period is from the Pacific, and the effects of the Pacific SSTAs will not lead to disparities 
among different members. 
The shift of the forcing mechanisms may be related to changes in the characteristics of 
ENSO, which shift from a combination of various types of ENSO to dominance of central-
Pacific ENSO (Wang et al. 2019). The change of the ENSO types leads to different SST 
interannual variations over the tropical IO and Pacific, which will further induce the PJ pattern in 
different mechanisms. When an EP ENSO decays in the preceding seasons, the SSTA variation 
in the IO and EP will be higher, corresponding to the PJ pattern forced by IO SSTAs. The 
various responses to the Pacific SSTAs among different members lead to the diversity of the 
model performance. If the CP ENSO is dominant, the region with high SSTA variations is the 
CP, with Pacific SSTA forcing the PJ pattern. The discrepancy between the HSG and LSG is 
small. This can give some clues to improve the model so that it reproduces a more realistic PJ 
pattern. 
Although the EOF1 of 850-hPa vorticity can well represent the PJ pattern, other variables 
are also used for the definition of the PJ index, such as SLP and 850-hPa geopotential height 
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(Wakabayashi and Kawamura 2004; Choi et al. 2010). These PJ indices are station-based, which 
are defined as the differences between two locations. We also examined the performance of the 
station-based PJ index using SLP differences (referred to as station-based PJ index hereafter). 
Unlike the PJ index defined by EOF analysis of 850-hPa relative vorticity (referred to as EOF PJ 
index hereafter), the station-based PJ index is significantly correlated with the SSTAs in the IO 
instead of those in the Pacific during 1970-2010. It indicates that the SLP is more sensitive to the 
IO forcing while the relative vorticity may be a better reflection of the Pacific forcing. Although 
the SLP and 850-hPa relative vorticity over the NWP have significant responses to the IO 
SSTAs, the station-based and EOF PJ indices give different answers to the major SST forcing 






FIG. 1. The 11-year running correlation coefficients 
between the PJ index and SSTAs averaged over four 
regions in (a) ERA-20C, (b) 100-member ensemble 
mean, and (c) the combination of ERA-20C and the 
simulations. The four regions include the tropical IO 
(TIO; 0°-20°N, 50°-100°E, black line), the MC 
(10°S-10°N, 100°-150°E, red line), the Niño 4 region 
(5°S-5°N, 160°E-150°W, green line), and the Niño 
3.4 region (5°S-5°N, 120°-170°W, blue line). The 
horizontal dashed line in (c) is the 0.05 significance 
level for the correlation coefficients with 11 samples, 
and the vertical dashed lines represent the years 1970, 




FIG. 2. EOF1 of JJA 850 hPa relative vorticity (10-6 s-1) 
in the NWP-EA region (0°-60°N, 100°-160°E) during 
1970-2010 in (a) ERA-20C and (b) 100-member 
ensemble mean, with the percentage of explained 
variance in the title. (c) Comparison between PC1s in 
the ERA-20C (black line) and 100-member ensemble 
mean (red line), with the correlation coefficient in the 
title. Regressed global JJA SSTAs (K, shading) against 
PC1 during 1970-2010 in (d) ERA-20C and (e) 100-
member ensemble mean. Dots indicate the regions 





FIG. 3. NWP TC genesis locations (black dots) and 
tracks (green curves) during 1970-2010 from (a) 
observations and (b) one-member simulations of d4PDF. 
The distribution of the climatological TC genesis 
frequency (countsꞏyear-1, shading) and track density 
(daysꞏyear-1, contours) between 1970 and 2010 
calculated within grids of 5°×5° in (c) observations and 
(d) 100-member ensemble mean. (e) The number of TCs 
originated in the NWP during 1970-2010 calculated in 
observations (red line) and 100-member ensemble mean 
(blue line). The blue shading shows the spread of the 
members in the d4PDF model, which is the standard 




FIG. 4. Box-and-whisker plots of the distribution of the correlation coefficients between the PJ indices from ERA-
20C and the ensemble mean of the d4PDF members as a function of ensemble size during (a) 1976-1988 and (b) 





FIG. 5. (a) same as Fig. 2a, but for 1976-1988. (b) PC1 of JJA 850 hPa relative vorticity in the NWP-EA region 
during 1976-1988 in ERA-20C. (c)-(d) same as Figs. 2b and 2c, but for 1976-1988. (e)-(f) same as (c)-(d), but for 




FIG. 6. Regressed global SSTAs in (a) DJF, (b) MAM, and (c) JJA against PC1 during 1976-1988 in the HSG (i.e., 
the red curve in Fig. 5f). (d)-(f) same as (a)-(c), but for LSG. Dots indicate the regions where the regressed SSTAs 




FIG. 7. Regressed JJA vertical pressure velocity (omega) anomalies at 500 hPa (Paꞏs-1, shading) and wind anomalies 
at 850 hPa (mꞏs-1, arrows) against PC1 during 1976-1988 in the (a) HSG and (b) LSG. Dots indicate the regions 
where the regressed omega anomalies exceed the 0.05 significance level. Wind anomalies exceeding the 0.05 





FIG. 8. (a) EOF1 of the JJA SSTAs over the TIO and tropical Pacific (20°S-20°N, 30°E-60°W) during 1976-1988 in 
the HSG. (b) Comparison between the PJ index (black line; i.e., the red curve in Fig. 5f) and PC1 of the JJA SSTAs 
in the TIO and tropical Pacific (red line) in the HSG, with the correlation coefficient in the title. (c)-(d) same as (a)-























FIG. 13. Same as Fig. 8, but for the 100-member ensemble mean during 1991-2010; using the HSG or LSG 





FIG. 14. Interannual variations in JJA SSTA (represented by the standard deviation) over the TIO and tropical 
Pacific during (a) 1976-1988 (b) 1991-2010, and (c) the difference in interannual variations between the two periods 




FIG. 15. Regressed TC genesis frequency anomalies (shading) and JJA omega anomalies at 500 hPa (contours) 
against the PJ index during 1976-1988 in (a) observations, (b) observations (negative phase of the PJ pattern), (c) 
HSG, and (d) LSG. Dots indicate the regions where the regressed TC genesis frequency anomalies exceed the 0.05 
significance level. Green contours represent downward motion, and purple contours indicate upward motion. (e)-(h) 




FIG. 16. Regressed TC track density anomalies (shading) and wind anomalies at 500 hPa (arrows) against the PJ 
index during 1976-1988 in (a) observations, (b) observations (negative phase of the PJ pattern), (c) HSG, and (d) 
LSG. Dots indicate the regions where the regressed TC track density anomalies exceed the 0.05 significance level. 
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